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Abstract

Imaging Atmospheric Cherenkov Telescopes (IACT) for Gammayeastronomy are presently using photomultiplier tutsegheoto
sensors. Geiger-mode avalanche photodiodes (G-APD) peoam improvement in sensitivity and, important for thislagagion,
ease of construction, operation and ruggedness. G-APDs raven many of their features in the laboratory, but a gjadli
assessment of their performance in an IACT camera is begrtakegn with a prototype camera. This paper describes thigrde
and construction of a full-scale camera based on G-APDsrtaidm within the FACT project (First G-APD Cherenkov Telege).

Key words: Geiger-mode avalanche photodiode, Cherenkov telescrfansive air shower, gamma-ray astronomy
PACS:29.40.Ka, 95.55.Ka, 95.55.Aq

1. Introduction 2 pulses from the atmosphere were detected in 1952 [2], four
;s years after a prediction that this should be possible. Tise fir
Gamma-ray astronomy addresses highly energetic processesar observation of gamma-induced showers from a cosmic
in the universe through measurements of high-energy pketorsource, however, was achieved only in 1989 by the Whipple
that travel through space undeflected by magnetic fieldssanlescope [3]. It required the establishment of the imatgieh-
are only weakly absorbed by the interstellar and intergalac nique and substantial work on simulations to eventuallyeaeh
medium [1]. s an undisputed detection.
Photons from space with a wavelength shorter than ultsavi- The main challenge with Imaging Atmospheric Cherenkov
olet are fully absorbed in the atmosphere, thus direct tietee Telescopes (IACT) is the discrimination against backgtbun
is possible only in space or with high-altitude balloons.e®h Hadronic showers, e.g., are orders of magnitude more freque
high launch costs limit theffordable detector sizes, and, due than gamma-induced showers. The discrimination power of an
to the steeply falling source intensities with energy, ttigia-s |ACT results from the relatively clear fierence in appearance
able spectral reach. As an example, from one of the stromgesf air showers induced by hadrons and photons when imaged
sources of gamma rays, the Crab nebula, a flux of about 0.&ith a telescope onto a pixelized camera. The gamma-ray en-
photongcn?/year is received above 50 GeV. s ergy can be reconstructed to about 15% at energies of several
The absorption of high-energy cosmic rays or photons bythd00 GeV for large telescopes, the arrival direction (soloca-
atmosphere results in air showers. Detection is possitilerei tion) to a few minutes of arc. Both limits result from the lzasi
through the particle content of the shower, for example with:  Statistical uncertainty of the shower development. Thisniis
tensive arrays of scintillators, or through radiation geted by to use mirrors of moderate surface accuracy (when compared t
the shower in the atmosphere. This can be in the form of fluoastronomical optical telescopes) and also relativelyelaam-
rescence, radio emission, or, as used by the detectionitemhn era pixels.
described here, Cherenkov light. 4 One important direction of development in the field is the
The Cherenkov technique for gamma-ray astronomys«hageduction of the energy threshold. If an overlap with teatbe

been developed relatively recently. The first Cherenkohtlig calibrated space detectors can be achieved (especiahiytivét
« Fermi satellite), cross-calibration will be possible.

*Corresponding author. E-mail addres3iver.grimm@phys.ethz.ch
lalso at INTEGRAL Science Data Center, 1290 Versoix, Swiaret

2also at MPI fiir Physik, 80805 Miinchen, Germany . .
3also at Technische Universitat Miinchen, 85748 Garct@egmany % The newly developed Geiger-mode Avalanche Photo Diodes

4This is in essence a calorimetric technique, with a fullyvacabsorbingf* (G'AP_D). have several Signiﬁ_can_t advantages compared to pho
medium. Note that the atmosphere is 27 radiation length.deep s2= tomultipliers for the application in IACTs. Both the peakdan

s 2. Geiger-mode Avalanche Photo Diodes
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spectrally averaged photon detectiofiiciencies are higher,

helping in decreasing the energy threshold. Their angetar r T [ remperaure
sponse is uniform up to high inclinations, thus allowing g2 u e ——Voltage
non-imaging light concentrators with a high cross-sectien 08r

duction® They tolerate background light, which translates to 0.7p

an extension of the measurement time into the twilight atal in
moon-lit nights. Mechanically they are rugged, and theydnee
only a low bias voltage of around 70 V.

Their main disadvantage is the strong dependence of gain
on temperature. Controlling this in an IACT that is inevitab
coupled to ambient temperature to some degree is one of the
main challenges that has to be addressed. Another disadyeant
is the relatively long signal decay time constant in viewlad t 0 a8 1912 2136 0000 0224 0228 0712 0936
presence of counts induced by background light at rates up to Time (UTO)
several GHz and the resulting pile-up.

Another issue is optical cross-talk that results in firingudf
ditional cells. This cross-talk prevents further increat¢he
photon detectionficiency by operating at higher bias voltage
that would, in turn, increase the avalanche probabilitysoAl
up to now no long term experience with G-APDs on an IACT
exists.

The non-linear response of G-APDs once a significant frac-
tion of cells fired is less important for the IACT application
It actually gives some desirable signal compression atitjte h
energy end.

Normalized values
o
(%

Value

58— i i i i i i i
16:48 19:12 21:36 00:00 02:24 04:48 07:12 09:36
3. Test module MO e ()

To gain first practical experience with a G-APD based cam—F_ L Test results of the bias feedback. T wrettendeedback

gure 1. lest results O € Dlas reeaback. emperature edpack-

era, a Sma" test mOdU|e_’ (?a"ed MO, has been constructed . rj gulated voltage (top), linearly mapped to the range 0 t&ntl, the feedback

has 36 pixels, each consisting of four Hamamatsu S10362-33Gignal for the same period (bottom).

050C G-APDs that are analog summed. The module is mounted

in the focal plane of a small zenith-looking Cherenkov tele- o

scope, located at ETH Zirrich, to record light from Cherarfko The data acquisition system extracts _those events _thalt resu

showers. Sub-nanosecond time resolution has been actiiev@M an LED pulse and integrates the signal over the lighseul

with the Domino Ring Sampling chip DRS2 [4] operated"atdurat'on of about 50 ns. An average of these values over agive

2 GHz sampling, as primary data acquisition element. Ugin@_umber of eyents is then calculated (this is called the faekib

a majority-coincidence trigger, cosmic-ray induced aiowsh* signal). Typically 500 events are averaged, and the LEDs are

ers with clear time and intensity signatures have beendecsy  Pulsed at a rate of about 10 Hz. _

The design and first results are published in [5]. This testito AS first step in establishing the regulation, the G-APD volt-

firmed that it is possible to observe Cherenkov light fromairddes have to be manually set to the correct values for therturr

showers with G-APDs. MO is used continuously for testing fewt€mperatures. The feedback signals are recorded as talget v

components and software during development of the fullesealU€S: The bias voltages are then changed by about 500 mV, and
camera. 12 new feedback signals are acquired. From thedénce, the
us  response values needed for regulation are determined.
114 After activation, the feedback will adjust the bias voltage
4. Studieson G-APD gain control us keep the feedback signals stable. The feedback gain with the
. . . . s _current MO electronics is set typically between 0.2 and®0.5.
Studies to mitigate the main G-APD disadvantage, the stfong The behaviour of the feedback is illustrated in Fig. 1. Tist te

gain dependence on temperature, have been undertakeft W}‘tnhodule was operated overnight, with shutter closed, anio-wit
MO as well. A feedback that regulates the bias voltage has bee b gnt, ’

implemented for this purpose. Pulses from intensity-&izg ™ out active cooling. The temperatures in the camera were thus
blupe-emitting LEDS illlaumri)nate. the SeNnsors indirectxlly 120 following ambient conditions. The top figure shows the tempe

small scattering centers machined into the entrance wirlﬁl.lovvature and voltage, as regulated by the feedback, both mapped

6The gain is the fraction of the nominal voltage step, requirebring the
5Since light is not compressible in phase space, such a coatmrtrades  signal to exactly its target value, that is actually applidde optimum value
cross-section for angular dispersion. depends on the measurement noise and the desired regupéed.
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linearly to the range 0 to 1. Both traces lie on top of eachrothe
in this representation. This is expected since the oveagelt
has a linear dependence on the temperature for fixed gain. Tt
feedback signal for the same measurement period is shown
the lower plot. It is stable to better than 1%, the fluctuation
coming mostly from measurement noise. Some contribution tc
the noise also comes from the feedback itself, and is cuyrent
the target of optimization of the feedback parameters.

In actual numbers, the temperature decreased from 12.6°C-
5.0°C, and the voltage from 70.55 V to 70.05 V. Without voétag
regulation, the feedback signal would have changed by abot
50% due to the temperature charfg@his demonstrates how
well the strong gain dependence on temperature of the G-API
sensor can be compensated with a simple feedback. Sevel 0
qualitative tests have been performed in the presence bf nig
sky background (shutter open), indicating that the feekibeg-
ulation works also in such conditiofiDetailed studies are de-
ferred until the final electronics and light pulser are aalali.

An attractive feature of this method is that it stabilizes th
signal without knowledge of an actual temperature or of the
background rate. However, since the rate of LED events issimtest module did not allow to investigate the crucial step of
ited due to the maximum data throughput and implied penaltgammghadron separation due to its small number of pixels.
of dead time, the regulation speed is also limited and thoeso ~ The full-scale FACT camera will contain 1440 pixels, each
direct stabilization of temperature is still desirable.eTdfect Wwith a field-of-view of 0.11°. Each pixel will consist of one G
can be seen in Fig. 1 by the slight drift of the feedback signaAPD of the same type as used for MO, glued to one solid cone
when the temperature changes rapidly (about 0.1 K per minutéght concentrator [7]. The total field-of-view will be 4.5En-
on the steep slope around 17:00). s trance window and light concentrators will be fabricateshir

The good separation of signals that result from only arfewpolymethyl methacrylate (PMMA) with enhanced ultraviolet
fired G-APD cells allows also an absolute gain determinationtransmission. The mechanical layout of the camera is shown
Fig. 2 shows a signal histogram, obtained by applying a smplin Fig. 3.
peak-finding algorithm to data containing only dark cofimts  Signal digitization and the trigger logic will be integredtiato
An additional analog gain of 9 was used for this measuremerthe camera, with digital data transferred via Ethernetiedrr
to compensate for the limited resolution of the preamplédied=c over optical fibers to a central event builder. Bias voltagiis
DRS2. Due to cross-talk, a dark count spectrum contains:sigee fed in from an external, USB-controlled source.
nals with more than one fired cell, as can be seen from:the The basic internal camera structure consists of two ther-
multiple-Gaussian fit. The position of the first maximum aev mally separated compartments, one containing the light sen
pedestal, or the ffierence between first and second, gives:thesors, the other the read-out electronics, arranged in fadir i
G-APD gain. Although tracing the gain will not be possiblesin vidual crates. The total power consumption of the elect®ni
the presence of intense night sky background, as pile-[jp)zewiis around 1 kW, therefore the crates are individually coated
prevent signal extraction with fiicient precision, the methed reduce thermal impact on the sensor compartment.
is useful for verifying the sensor operation with closedtdtuess ~ The G-APD gain will be stabilized to about 5%. A de-
19 tailed thermal design is currently developed together \aith
1o industrial partner, and a bias voltage feedback along theesa
w principles as described in Sect. 4 will be used. A faster{sub

) _ 12 Nanosecond), monitored light pulser is foreseen to inerées
Although the experience with the test module MO Cle&rlystabiliw and regulation precision.

indicates the feasibility of a G-APD based Cherenkov ¢am- 1o camera will be installed in fall 2010 on the former 4m
era, a full assessment of the technology implications cay, on iy meter HEGRA CT3 telescope, refurbished with new mir-
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Figure 2: Amplitude histogram of dark counts. Extraction dyeak-finder
algorithm from signals digitized at 2 GHz with the DRS2. TheABD is at
room temperature. A multiple Gaussian fit is used.

5. FACT

be undertaken with a full scale device [6]. In particular-,\lgteh

197

198.

“For the used G-APD, the gain changes by 1% per 0.2K at the rabmin
operating point. 199

8An increased background rate will decrease the actual G-A@Rgeoo
through an increased voltage drop across the decouplifgjoess and thus deg;;
crease the gain and the signal. It will also increase the rneampancy of the
G-APD. 2oz

SWith shutter closed, the G-APDs of MO generate dark countabmiug®®
5 MHz rate at room temperature. 204

3

rors and a new drive system. The site is next to the MAGIC
telescopes on La Palma, Canary Islands, which will allow si-
multaneous observations and in turn faster commissioning o
FACT. After commissioning and detailed studies on this thove
technology, the camera will be used for routine and longiter
monitoring of selected strong, variable gamma-ray sources
Details of the electronics can be inferred from the block di-
agram in Fig. 4. The next version of the DRS analog pipeline
chip, DRS4, will be used for digitization [8], giving a sidi
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Mount to telescope 219 the event builder in the counting house.

220 The nominal trigger rate is 150 Hz, resulting in a data rate of

21 41 MByte/'sec if 10% of the analog pipeline (corresponding to

22 about50ns) is read-out. The throughput from the cameraeto th

23 event builder will, however, be designed for significanilyter

24 data rates, to allow the future implementation of a secewe|

25 Software trigger.

226 The control system of FACT is based on the DIM inter-

227 process communication system developed at CERN [9]. DIM

28 Interconnects individual servers, each controlling ongteay

29 component, via TCHP. The control system consists of the

20 Slow data acquisition system, a central configuration seavel

2 an alarm server monitoring system health. A fully separated

Conf;;é;rent 22 graphical user interface is implemented within the Qt frame
: = work.!? Data analysis will be based on established tools also

24 used by the MAGIC collaboration [18}. The overall layout of

2 the control system is geared towards later automatic dperat

25 With only occasional remote surveillance.

27 6. Conclusion

238 The feasibility of a G-APD camera has been proven by de-
20 tecting light from Cherenkov showers with the test module MO
240 The full-scale FACT camera will start taking data in fall
21 2010, initially by observing the Crab nebula. It will be maoeah
Figure 3: Mechanical design of the FACT camera. The lengdb@it 800 mm,, on the refurbished HEGRA CT3 telescope. The first goal is a
the diameter 530 mm. The sensor compartment, located bétendindow, |s realistic performance evaluation of the G-APD based camera
thermally separated by a copper plane from the electronics. 24 for the IACT application. After the commissioning is finighe
25 the telescope will be used for monitoring selected, stram a

cantly increased resolution. We measured a baseline nbise wariable gamma-ray sources.
310pV, with a dynamic range up to 1V, and a timing resolution  FACT will be an important step in establishing G-APDs as
of 110 ps at 2 GHz sampling. Both figures are adequate fomougn option for the next generation of large Cherenkov telesso
application. uo  (AGIS/CTA).

For triggering, nine analog G-APD signals will first be
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Figure 4: Block diagram of the FACT camera. Fast signals ateilolted by cations.
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